We investigate the effects induced by excited leptons, at the one-loop level, in the anomalous magnetic and weak-magnetic form factors of the leptons.
The standard model of electroweak interactions (SM), in spite of its remarkable agreement with the present experimental data at the Z pole [1] , leaves some important questions unanswered. In particular, the reason why fermion generations repeat and the understanding of the complex pattern of quark and lepton masses are not furnished by the model. With the proliferation of fermion flavours, it is natural to ask whether these particles are truly elementary states. The idea of composite models assumes the existence of an underlying structure, characterized by a mass scale Λ, with the fermions sharing some of the constituents [2] . As a consequence, excited states of each known lepton should show up at some energy scale, and the SM should be seen as the low-energy limit of a more fundamental theory.
We still do not have a satisfactory model, able to reproduce the whole particle spectrum.
Due to the lack of a predictive theory, we should rely on a model-independent approach to explore the possible effects of compositeness, employing effective Lagrangian techniques to describe the couplings of these excited states.
Several experimental collaborations have been searching for excited lepton states [3, 4] .
Their analyses are based on an effective SU(2) × U(1) invariant Lagrangian, proposed some years ago by Hagiwara et al. [5] . Also a series of phenomenological studies of excited fermions have been carried out in electron-positron [5] [6] [7] [8] [9] [10] , hadronic [8, 9] , and electron-proton [5, 10] collisions.
On the other hand, an important source of indirect information about new particles and interactions is the precise measurement of the electroweak parameters. Virtual effects of these new states can alter the SM predictions for some of these parameters, and the comparison with the experimental data can impose bounds on their masses and couplings.
Bounds have been derived from the contribution to the anomalous magnetic moment of leptons [11] and to the Z observables at LEP [12] .
In this work we use a general effective Lagrangian approach to investigate the effects induced by excited leptons, at the one-loop level, in the anomalous weak-magnetic form factors of the leptons, at an arbitrary energy scale. In particular, we study the contribution to the weak-magnetic moment of the τ lepton that can be measured on the Z peak [13] . Our results show that for universal couplings the existing limits from g µ − 2 strongly constrain the possibility of observing this effect on the anomalous weak-magnetic moment of the τ lepton at LEP, given the expected experimental sensitivity [13] .
We consider excited fermionic states with spin and isospin 1 2 , and we assume that the excited fermions acquire their masses before the SU(2) × U(1) breaking, so that both lefthanded and right-handed states belong to weak isodoublets. The most general dimension-six effective Lagrangian [5, 10] that describes the coupling of the excited-usual fermions, which is SU(2) × U(1) invariant and CP-conserving, can be written as
where F = N, E represent the excited states, and f = ν, e, the usual light fermions of the first generation. A pure left-handed structure is assumed for these couplings in order to comply with the strong bounds coming from the measurement of the anomalous magnetic moment of leptons [11] . The coupling constants C V F f are given by
where θ W is the weak mixing angle, f 2 and f 1 are weight factors associated to the SU(2) and U(1) coupling constants, and Λ is the compositeness scale. The quartic interaction coupling constant, D V F f , is given by,
The coupling of gauge bosons to excited leptons can also be described by the SU (2)×U (1) invariant and CP-conserving effective Lagrangian,
where A V F F is given by
and K V F F is given by
The matrix element of a boson (V 1 ) current has the general form: (7) where V 1 = γ, or Z, and q = p 1 + p 2 . The terms F V and F A are present at tree level in the SM, e.g. for the Z boson,
The contribution of the excited leptons to these form factors at the one-loop level has been evaluated in Ref. [12] . The anomalous weak-magnetic form factor, a
f , is generated only at one-loop in the SM as well as in the models with excited fermions. In the latter case, there are twelve one-loop Feynman diagrams involving excited fermions that contribute to the anomalous electroweak-magnetic moment of leptons, which are shown in Fig. 1 . For each of these contributions, we define the amplitudes S
, where V 2 is the virtual vector boson with mass M V 2 running in the loops, and we can write the excited lepton contribution to a
with
We have neglected the fermion masses in the evaluation of the integrals S
, and in this limit S
The loop contributions of the excited leptons were evaluated in D = 4 − 2ǫ dimensions using the dimension regularization method [14] , which is a gauge-invariant regularization procedure, and we adopted the unitary gauge to perform the calculations. The results in D dimensions were obtained with the aid of the Mathematica package FeynCalc [15] , and the poles at D = 4 (ǫ = 0) and D = 2 (ǫ = 1) were identified with the logarithmic and quadratic dependence on the scale Λ [16] .
Our results for S
) are rather lengthy. We show here only approximate expressions, which are valid in the limit
where g
and g
are the vector and axial coupling of the vector bosons to the usual fermions: We should notice that S γ 2 is infrared-divergent for q 2 = 0. However, this divergence cancels against the one coming from real photon emission, and the final result is therefore infrared-finite. In the appendix we present the details of this cancellation.
We give here the approximate final results for the anomalous magnetic (a γ f ) and weakmagnetic (a
W,Z , and
Our results for the anomalous magnetic moment a γ f are in agreement with those of Ref. [11] , for k = 0.
We now turn to the attainable values for the weak-magnetic moment of the τ lepton at LEP energies. In Ref. [13] , Bernabeu et al. compute the SM contribution to this observable and discuss the attainable sensitivity at LEP. They claim that it can be measured through the analysis of the angular asymmetry of the semileptonic τ decay products, which carries information about the weak-magnetic moment of the parent lepton. They assume that the τ direction is fully reconstructed and they deduce a sensitivity of the order of |a
In Fig. 2 , we show the accessible region in the parameter space f , k and Λ. For the sake of simplicity we have assumed that Λ = M. As seen in this figure only models with strong coupling, i.e. f ≃ √ 4π/e, and compositeness scale Λ < ∼ 200 GeV could lead to a value for the anomalous weak-magnetic moment of the τ large enough to be observed at LEP.
If we assume that the couplings to the excited fermions are universal, i.e. if f i , k i , M and Λ are the same for the three generations, the attainable value for the τ lepton weak-magnetic moment is already constrained by the existing limits from the anomalous electromagnetic moment of the muon measured at low energies. Nowadays, the most precise determination of the anomalous magnetic moment of the muon a γ µ ≡ (g µ − 2)/2 comes from a CERN experiment [17] :
This result should be compared with the existing theoretical calculations of the QED [18] , electroweak [19] and hadronic [20] contributions, which are known with high precision. The main theoretical uncertainty comes from the hadronic contributions which is of the order of 20 × 10 −10 . Therefore the present limit on the non-standard contributions to the anomalous magnetic moment of the muon is
The proposed AGS experiment at the Brookhaven National Laboratory [21] will be able to measure the anomalous magnetic moment of the muon with an accuracy of about ±4×10 −10 .
In Fig. 3 we show the present limits from Eq. (13) in the parameter space f , k and Λ.
Our results for k = 0 are in agreement with those from Ref. [11] . However, the presence of an anomalous magnetic moment term at tree level in the coupling between a pair of excited fermions (see Eq. (4)) alters the attainable bounds on f . As seen in Fig. 3a , there is a value k = k 0 ≃ −1.56 (−1.72), for Λ = 0.2 (1.0) TeV, for which the limit on the coupling strength f becomes very weak. This comes as a consequence of the cancellation of the leading terms in Eq. (11). The exact dependence of k 0 on Λ is due to higher-order terms, which are not displayed in Eq. (11).
Taking these results into account, we plot in Fig. 4 the attainable values for the τ anomalous weak-magnetic moment, assuming universal couplings, after imposing the constraints from g µ − 2 measurements. We can see that only for a narrow band of k values around k 0 can |a
Z )| be large enough to be observed at LEP. Summarizing, we have investigated the effects induced by excited leptons at the oneloop level in the anomalous magnetic and weak-magnetic form factors of the leptons at an arbitrary scale. Using a general effective Lagrangian approach to describe the couplings of the excited leptons, we have computed their contributions to the weak-magnetic moment of the τ , which can be measured on the Z peak, and we compare it with the contributions to g µ − 2 measured at low energies. Our results show that although for universal couplings, the existing limits from g µ − 2 strongly constrain the possibility of observing the anomalous weak-magnetic moment of the τ lepton at LEP, there is a very narrow region of parameters in which the observation is still possible. One must notice, however, that in this region the model becomes strongly coupled.
At leading order in m 2 f , the infrared-divergent piece of F (s 1 , s 2 ) originates from
, and we finally get the infrared-divergent contribution from bremsstrahlung as
which exactly cancels the contribution from Eq. (A1). 
